In 1998, the brown bear population that inhabits the Kenai Peninsula in south-central Alaska, USA, was designated by the state of Alaska as a ''population of special concern'' because of potential impacts to brown bears from increasing development and human activity (http://www.wildlife.alaska.gov). Tourism increased, and the year-round resident human population on the Kenai Peninsula almost doubled between 1980 and 2000 to nearly 50,000 people (Camp 2001) . Subsequently, traffic entering the peninsula had almost tripled in the same period to an annual average of 7,344 vehicles per day in 2000 (Alaska Department of Transportation and Public Facilities [AKDOT] 2001 ). An increase in traffic volume may result in increased bear-vehicle collisions and block brown bear access to food sources.
In addition, female brown bear immigration to the Kenai Peninsula is believed to be low (Jackson 2003) . Small, isolated subpopulations with minimal female immigration are subject to population declines from catastrophic events or stochastic variation in vital rates (Hanski and Gilpin 1991) . Increasing human development and activity combined with low immigration rates makes it especially important to maintain connectivity to larger populations of bears as well as ensure that highways and other developments do not create barriers to bear movement or become regions of high human-caused bear mortalities.
Highways can influence bears at both individual and population levels. High-volume highways in Canada and Slovenia form partial barriers to bear movement (Gibeau et al. 2001 , Kaczensky et al. 2003 . Proctor (2003) found that interpopulation movement of bears in the Rocky Mountains was reduced in valleys containing roads with high-traffic volumes and other extensive human developments. Bears near the Trans Canada Highway were more likely to cross roads with low-traffic volumes than high-traffic volumes . Bears near the United States Highway 2 traffic corridor, near Glacier National Park, were more likely to cross during periods of low-rather than high-traffic volumes, and crossings occurred primarily at night (Waller and Servheen 2005) .
Planned expansion of Kenai Peninsula highways and an apparently low immigration rate by brown bears onto the peninsula prompted us to examine the relationship between Kenai brown bear movements and highways. We examined whether the highway acted as a barrier to bear movements and whether crossing locations were spatially clustered. We attempted to identify the factors that influenced the timing and location of bear highway crossings and described bear movement patterns as they crossed the highway.
Study Area
The Kenai Peninsula, located in south-central Alaska, USA, has a landmass of 23,310 km 2 , which ranges in altitude from À28 to 1,994 m (Fig. 1) . The Alaska Department of Fish and Game has managed the Kenai brown bear population to achieve a population objective of 250-300 brown bears (Del Frate 1993) , though no population census has been conducted. Bear movement between the peninsula and the mainland is restricted to bears walking across an isthmus approximately 18 km wide or swimming across Turnagain arm of the Cook Inlet. The eastern two-thirds of the peninsula is dominated by the rugged, glaciated Kenai Mountain Range. A glaciated plain with limited relief and numerous lakes, the Kenai lowlands, dominates the western one-third (Spencer and Hakala 1964) .
The Kenai Peninsula is connected to the Alaska mainland by a single road, the Seward Highway, which extends south to the city of Seward. Partway down the Kenai Peninsula, the Sterling Highway branches from it and heads west, bisecting the peninsula before turning to the south at the coast. Most traffic occurs during the summer when the peninsula has high numbers of tourists, with July peak daily traffic counts reaching 17,115 vehicles and daily averages of 12,788 vehicles (AKDOT 2001). Many tourists in the summer fish for salmon (Oncorhynchus gorbuscha, O. keta, O. kisutch, O. nerka, O. tshawytscha) and, thus, spend time in the same areas as many bears. In the summer, salmon is the dominant food resource for Kenai bears (Hilderbrand et al. 1999) . The Kenai River, one of the largest fisheries on the peninsula, parallels the Sterling Highway.
Methods

Bear Location and Crossing Data
Location data were collected from brown bear studies conducted between 1995 and 2001, for which bears were collared with either Global Positioning System or Very High Frequency collars , Suring and Del Frate 2002 , Suring et al. 2004 . From this database, we selected only locations from bears that had crossed the Sterling or Seward highways for our analyses. We estimated locations where bears crossed the highway as the intersection of a straight line between 2 consecutive locations and the highway (AKDOT 2002) . We calculated time of crossing based on the assumption that the bear moved at a constant rate between 2 consecutive locations (Brandenburg 1996).
Frequency of Highway Crossings
To evaluate the permeability of the highway to bear movement, we compared the frequency at which bears crossed the highway to the frequency of crossings simulated by 5,000 correlated random walks per bear using a script adapted from the Trajectory Analyst extension (Miller 2003) . We constrained walks to each bear's home range (100% minimum convex polygon home range; Burt 1943) and comprised movement vectors with the same turning angle distribution and the same distances as the real movements of each bear. We used the same distances to replicate seasonal movement patterns. We compared the number of times each bear crossed the highway to the distribution of the number of random crossings generated from simulated walks. We compared the number of times lone bears and bears with cubs, yearlings, or 2-year-olds crossed the highway to assess whether bears with young might be more strongly influenced by the highway than lone bears.
Spatial Distribution of Highway Crossings
We assessed whether crossing locations were randomly distributed and estimated the scale at which crossing locations were clustered with a linear version of Ripley's K-statistic (Ripley 1981) adapted from O'Driscoll (1998) and Clevenger et al. (2003) . For each bear, we used the random walks described above to generate random crossing locations within its home range. The number of random crossing locations for each bear was equal to the number of real crossing locations found in each bear's home range. We created 5,000 sets of random crossing locations to create a distribution of randomly generated K-statistics for comparison with the Kstatistics from real bear crossings. We considered crossing locations to be clustered at scales where the K-statistic from the real bear was greater than the 95th percentile of simulated Kstatistics. Crossing locations were dispersed at scales where the Kstatistic from the real bear was less than the 5th percentile of simulated K-statistics.
Spatial Characteristics of Highway Crossings
Bears may choose to cross roads where 1) traffic volume is low, 2) highways intersect streams, which is often high-quality habitat, 3) road density is low (Mace et al. 1996) , or 4) cover is close to the highway (e.g., McLellan and Shackleton 1988) . Hourly traffic volume for the particular highway segment crossed was estimated from data obtained from AKDOT (2001) . We calculated the variable ''distance to stream'' as distance measured along the highway from where bears crossed it to places where the highway intersected streams or rivers. We measured road density of all roads within a 1-km circular buffer at real and simulated crossing locations. We measured distance to hiding cover every 0.3 km along the length of the highway and then connected the point measurements to make a polygon. We included vegetation or topographical relief .1 m high and 1 m wide as hiding cover, regardless of density.
To identify factors that best explained bear highway crossing locations, we compared alternative hypotheses in the form of 15 a priori logistic regression models using an information-theoretic approach (Burnham and Anderson 1998). The first model represented the null hypothesis with only a constant and was included to determine whether any of our other models were better than a model of ''no relationship.'' The remaining 14 models represented competing hypotheses in which models were composed of all possible combinations of main effects of the 4 variables. Actual crossing locations were compared to available locations. To ensure our estimated crossing locations were located correctly, we limited our analysis to those crossing locations with intervals ,6 hours or with one of the locations within 300 m of the highway. Because an infinite number of points are available for crossing, the average probability of any one of them being used as a crossing location is very low. While we cannot estimate the probability of a point being used for crossing, we use odds ratios to rank crossinglocation selection (Manly et al. 2002, Keating and Cherry 2004) . In this case, the odds ratios also can be interpreted as approximate relative probabilities of points being used for crossing. We conducted the same analysis at 2 spatial scales of availability: 1) the within-home range scale (HRS), in which available locations were created from random walk simulations within each bear's home range, and 2) the entire road length scale (RLS) in which available locations were created from random walk simulations within a polygon spanning the east-west breadth of the home ranges of all bears that crossed the highway.
Temporal Characteristics of Highway Crossings
We hypothesized that a temporal pattern of bear highway crossings could exist because 1) bears cross when they are most active, 2) bears cross the road when traffic volume is low, or 3) bears cross when there is less light (nighttime). We calculated a bear activity index as the ratio of mean hourly speed during the hour the bear crossed the road to the highest mean hourly speed observed for that bear. If insufficient locations were available to estimate this for an individual bear, we used the mean hourly speed for all road-crossing bears. Nighttime was a categorical variable assigned from sunrise and sunset times obtained from the United States Naval Observatory (http://mach.usno.navy.mil/). We generated random dates and times for each random crossing, which we used to calculate activity index, traffic volume, and nighttime. For the HRS analysis, dates were selected with replacement from the range of months within which the bear crossed the highway. We included May through September as the range of months available for random crossings for the RLS analysis. To determine which factors best explained temporal patterns, we built 11 a priori logistic regression models. The first model represented the null hypothesis and was composed of only a constant. Alternative hypotheses were represented by 10 models with all combinations of main effects and selected 2-way interactions. We used the Hosmer-Lemeshow (H-L) goodness-of-fit test for the global model at both spatial and temporal scales before further interpretation (Hosmer and Lemeshow 2000) . Models within 2 Akaike's Information Criteria for small sample sizes (DAIC c ) units were identified as having no significant differences from each other (Burnham and Anderson 1998). Significance of predictor variable coefficients was based on chi-square tests of Wald statistics (Hosmer and Lemeshow 2000) . We used odds ratios to interpret logistic regression coefficients. We graphed the percent of cases of used versus available in several categories to examine causes of poor fit and biologically significant effects post hoc.
Movement Characteristics of Highway Crossings
We predicted that the highway would influence movement patterns of bears. We calculated speed and direction of travel as bears approached, crossed, and moved away from the highway, using the nearest feature ( Jenness 2001 ) and matched-nearest feature extensions ( Jenness 2002) . We then determined the percent rank of speed during intervals when a bear crossed the highway versus all other time intervals for that bear. We assessed whether bears respond to highway presence when traveling toward streams supporting salmon (Alaska Department of Fish and Game 2002). Because salmon arrive in the study area in June, we determined mean direction and speed of bear movement for the first time they approached salmon streams, assuming that bears exhibit strong directed movement toward those streams at that time of year. We included only those movements toward streams in which bears remained within 1,000 m of the stream for 5 consecutive locations, which we used as an indication that bears were consuming salmon there.
Results
We identified 171 highway-crossing locations by 15 bears. Time intervals for crossings ranged from 30 minutes to over 2 weeks. We used 165 crossings from 13 bears for frequency of crossing analyses. We used 55 actual highway-crossing locations (45 crossings with intervals ,6 hours and 10 crossings where one of the locations was within 300 m of the highway) and 110 available highway-crossing locations for logistic regression analyses.
Frequency of Highway Crossings
Four bears crossed the highway less frequently than expected (Monte Carlo P ¼ 0.001-0.096), 8 crossed approximately as expected (Monte Carlo P ¼ 0.168-0.668), and 1 bear crossed more than expected (Monte Carlo P ¼ 0.896) given the bear's movement parameters and minimum convex polygon home range (Table 1) . Lone females and females with young .1 year old crossed the highway more frequently than females with cubs (Table 2) .
Spatial Distribution of Highway Crossings
Crossing locations were not randomly distributed along the highway. The shortest distance at which crossing locations were significantly clustered was 500 m. The lengths of clusters ranged up to 13 km, and the highest clustering intensity was between 8 and 10 km. Crossing locations were not significantly dispersed at any distance.
Spatial Characteristics of Highway Crossings
The global model for the HRS analysis failed the H-L goodnessof-fit test (P ¼ 0.020). Post hoc examination of raw data revealed a decreasing probability of use as distance to cover increased (out to ;50 m; Fig. 2 ). Over half of observed highway crossings occurred where distance to cover was 50 m. Beyond this distance, probability of use was highly variable. Relationships were not discernible for distance to nearest stream crossing, road density, or traffic volume at this scale. The best models for the RLS analysis included the null model and 6 other models, indicating that none of the models explained variation in the data very well. Proportion of real crossings decreased overall with increasing hourly traffic volume, but we discovered 2 highway crossings at very high traffic volumes, which weakened the trend (Figs. 3, 4) . To examine the effect of these outliers on model selection and significance of traffic volume within models, we eliminated both real and simulated crossings with traffic volumes beyond 3 standard deviations and repeated the entire analysis. After eliminating outliers, 13 of the 15 models-including the null model-were within 2 DAIC c . The proportion of real crossings decreased slightly with road density and distance to stream at small values but became highly variable at higher values (Fig. 4) .
Temporal Characteristics of Highway Crossings
Bear crossing locations showed a strong temporal pattern (Fig. 5 ). The global model in the temporal analysis for the HRS analysis met the H-L goodness-of-fit test (P ¼ 0.262). Four models were within 2 DAIC c units ( Table 3 ). All of the best models contained the categorical variable, nighttime, which also was the only statistically significant (P 0.05) parameter estimate within models. Bears had a higher probability of crossing at nighttime.
Unexpectedly, the relative odds of a bear crossing the highway increased as traffic volume increased, so we repeated the model selection analysis without the 2 outliers as described above for the spatial analysis. In the post hoc analysis without the outliers, slightly different models were best (Table 3) , and the probability of the real bear crossing decreased with increasing traffic volume.
Three models were within 2 DAIC c units for the RLS temporal analysis. All 3 models included nighttime, again the only statistically significant (P 0.05) parameter. Bears crossed during daylight less than half as much as expected.
Movement Characteristics of Highway Crossings
Bears traveled faster when crossing highways than across other landscape features. As bears approached the highway, their speed increased and their average angle to the highway became less acute. During the interval in which bears crossed the highway, they moved more perpendicularly to the highway and more quickly than they did in the intervals prior to and following the highway crossing. Bears exhibited similar travel patterns as they moved toward and across the highway while completing their first visit of the year to an anadromous stream. As bears approached the highway, they moved more perpendicularly toward the highway than the stream, but after they crossed the highway, they moved more directly toward the stream (Fig. 6 ).
Discussion
Frequency of Highway Crossings
The pattern observed for the number of crossings by reproductive status is consistent with our expectations based on accepted information of how bears move through their environments. Bears with cubs often are more cautious around humans and generally have smaller home ranges than lone bears or bears with older young, which could lead to a stronger barrier effect. Of the 6-7 bears killed by cars on the Sterling Highway in 2002, 5 were ,2 years old ( J. Selinger, Alaska Department of Fish and Game, personal communication), which suggests that females with litters that choose to cross the highway may have lower reproductive fitness than other females. If this mortality continues, it could decrease population size. Most bear crossings (81 of 171 crossings) used for analyses in this study were collected in 1997; thus, our results are primarily linked to traffic volumes from that year.
Spatial Characteristics of Highway Crossings
All variables in the logistic regression had a large amount of natural variation. The long time interval between some locations (mean time ;5.3 hr) could have reduced our ability to pinpoint the exact location of crossings and identify models significantly better than the null model at the RLS. The clustering of highway crossings suggests that bears are responding to some environmental variables. We were unable to include some variables (e.g., distance to other attractants such as road-killed moose, dumps, or high-quality habitat); however, these variables may help determine where and when bears decide to cross the highway. Bears of different gender, habituation level , reproductive status, age, and temperament also may differ in selection patterns for highway crossings. Bears in mountainous terrain may be more strongly influenced by topographic features such as drainages or cliffs.
For the HRS analysis, distance to cover revealed a trend that likely is biologically important but was not statistically significant for this dataset (Fig. 2) . Waller and Servheen's (2005) most parsimonious model includes distance to cover, although it was not strongly significant. It is likely that a logistic model with a parameter that allowed the model to asymptote at values 1 would better describe distance to cover (Rawlings 1988 ). Road density parameter estimates for the RLS have biologically significant effects. A road density of 2 km/km 2 , equivalent to 2 parallel roads, was only 0.74 times as likely to be an actual bear crossing location as an area with a road density of 1 km/km 2 . Two crossing locations greatly influenced the direction of the fitted model for traffic volume at both scales of availability and for both the spatial and temporal analyses. Without these 2 outliers, the effect of traffic volume on the odds of bear highway crossings may be biologically significant. Thus, traffic volume likely is an important influence on bear crossings.
Temporal Characteristics of Highway Crossings
Bears we studied were less likely to cross the highway during daylight. Coefficients for bear activity level had high standard errors, indicating high variability in crossing times relative to normal times of high bear activity. Thus, bears sometimes-but not always-cross the highway during periods when their activity typically is low. They may change the period they are active to cross at times with lower traffic and greater cover from the darkness.
Movement Characteristics of Highway Crossings
Animals can reduce the length of time they are exposed to traffic by crossing the road more quickly (Waller et al. 2006) . Therefore, it is not surprising that these bears moved more swiftly when crossing the highway than when traveling in other landscapes. As bears approached the highway, they traveled more perpendicularly (1995) (1996) (1997) (1998) (1999) (2000) (2001) a Positive coefficients indicate an increase in the variable was associated with an increase in the odds of a real bear-crossing location. Negative coefficients indicate an increase in the variable was associated with a decrease in the odds of a real bear crossing location. Figure 6 . Angle to the highway and to the next location for the bear relative to the first anadromous stream the bear spent time at after 1 Jun. The location relative to the highway ¼ À1 is the last location recorded before the bear crossed the highway. Expected angle is the angle the bear should be traveling if headed directly toward the first stream of that year. Angle from stream to highway is the difference in the angle between the stream the bear is headed toward and the highway. Where the line representing bear movement is closer to the expected movement, bears moved more directly toward the stream. Where the line representing bear movement is closer to the angle from the stream to highway, bears moved more directly toward the highway.
to the highway, perhaps to minimize their time spent on the highway and in the clearing surrounding it. This supports indications that distance to cover may influence, at a small scale, a bear's choice of locations to cross the road.
Bears likely crossed the highway at least partially to reach salmon resources. Bear movements changed as they approached the highway, indicating that even when their movements are directed to a known food source, the highway influences their behavior. Almost all crossings occurred between June and September, the months when salmon are available, although bears in this area are active between April and October.
Management Implications
Sterling Highway traffic volume grew at an annual average rate of almost 4% between 1991 and 2001. Assuming this trend continues, the highway may eventually become a complete barrier to brown bears. Recent theoretical work has demonstrated that the effects of roads on wildlife populations can lag over 10 years after actual road construction (Findlay and Bourdages 2000, Jaeger and Fahrig 2001) . Our results indicate that bear highway crossings may already have decreased due to the present traffic level and road configuration. Decreased connectivity and increased highway mortality could exacerbate population-level effects. The Kenai brown bear population is estimated to be 250-300 animals, with infrequent female bear immigration, so even a few annual highway mortalities could decrease the overall population viability.
Given these factors and uncertainty concerning possible impacts from highways, we recommend further research be conducted to identify and implement mitigation measures. At this time, we believe the best course of action to minimize further detrimental effects on bears would be to maintain or reduce current highway traffic volumes and to pursue measures to improve highwaycrossing opportunities for wildlife as construction and reconstruction occurs.
Given the limited results of our spatial analysis and because no previous studies have examined where grizzly bears cross highways in nonmountainous areas, we further recommend a precautionary approach of regular and frequent crossing structures in the lowlands. Results from our cluster analysis indicate that crossings are aggregated beginning at 500-m patch lengths. Thus, a conservative approach would be to place crossing structures at 1-km intervals.
Previous work in mountainous environments suggests that placing crossing structures at mountainous drainage intersections can provide connectivity for bears. Earlier research also suggests that crossing structures that will most effectively increase connectivity are high, wide, and open, have little noise (Clevenger et al. 2002) , and have minimal human presence (Clevenger and Waltho 2000) . In addition, structures should be located in terrain that permits animal movements and should be spatially situated so they do not lead bears into areas of high bear mortality. High-density crossing structures with fencing along the entire length of the road has been recommended as a mitigation strategy in Banff, Canada (Clevenger et al. 2002) . While fencing can funnel animals to crossing locations, it may also increase a barrier effect if the distance between crossing structures is too far ( Jaeger and Fahrig 2004) ; thus, costs and benefits of fencing must be carefully weighed.
In lieu of placement of regular crossing structures, our results suggest that temporal mitigation strategies would be useful, because bears were more likely to cross the road at nighttime. While likely not politically acceptable, a nightly closure of the highway for a few hours could increase bear highway crossings. Predictability of human presence influences bear behavior (Herrero 1985 , Jope 1985 , McLellan and Shackleton 1989 , so if highway closures were instituted, it would be important to enforce the closure and to ensure it would continue unless it were shown that bears were crossing during the daylight as frequently. Where nighttime traffic volumes are low, roads are not impassable barriers to grizzly bear movement (Waller and Servheen 2005) . Temporal highway closures for bears have not been tested, so effectiveness of such a plan should be monitored before permanent implementation. Because it may take several years for bears to learn to use crossing structures (Clevenger et al. 2002) , any monitoring effort to document the efficacy of mitigation should continue for at least 5 years.
Because our understanding of highway mitigation on large mammals such as brown bears is still in the early stages, it is essential that we approach mitigation as an experiment. Only further research directed at collecting data on wildlife highway crossings will determine which mitigation strategies are most effective.
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